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ABSTRACT 


The behavior of an incompressible jet injected into a 
stably stratified stagnant reservoir was studied in an 
Seren. LOmG@ciIme some New a@epects of the Chermal pollution 
Pac uUleiieen Vouexpemimeny investigated the effects of injec- 
tion angle, Reynolds Number (influence of turbulence), Ray- 
leigh Number (influence of the total temperature of the jet), 
PieomGcoecievolr temperabpure pradgient on jet containment and 
flow stabilization. The nature of the study prohibited 
precise analytical evaluation of the results but observed 
tendencies could be qualitatively scrutinized to evaluate 
the inherent heat and transport problem. Results indicated 
the pronounced tendency of a reservoir temperature gradient 
to inhibit mass transport yet enhance heat transfer 


characteristics. 
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i.) LER ODUCT ION 


With domestic power requirements doubling every ten 
years, the very formidable problem of increased power genera- 
Cion is compounded by the resulting problem of thermal 
waste. Regardless of which of the presently considered 
methods of generation is chosen, its efficiency is governed 
by the thermodynamics of the heat cycle and therefore the 
amount of heat rejected. Thus, to satisfy power require- 
ments waste heat must be discharged without disrupting the 
ieecal environment. 

Relying on the oceans and lakes as being the most acces- 
wow oouroT eo. tne prookem becomes one Of dispersing the 
hot effluent without upsetting nature's physical and biolog- 
ical balance. The most adverse situation would be to dis- 
Gferee Into a thermally stratified stagnant reservoir which 
tacks such natural dispersion effects as tides and currents. 
However, this is -just the situation which lends itself to 
laboratory analysis. 

BieeeiLesral party Of the problem is the unsteady nature 
of the axisymmetric discharge. In this light, flow charac- 
teristics and tendencies from time of discharge must be 
followed to maintain the problem's completeness. fThe in- 
fluence of discharge angles, Reynolds numbers, and Rayleigh 
number are the relevant parameters of the problem. Other 
parameters such as nozzle design and discharge placement 


have been independently scrutinized by other studies. 





Therefore what remains is a basic study of the discharge 
ercerroMNmecmaracver) sures Ol an incompressible jet in a 
temperature gradient as its angle, temperature, and 
velocity head are varied. 

Basic fluid dynamic studies have been made on laminar 
Mm@molebulLenity jeus but they have concentrated on jet spreading 
emi oaryicular On its dévelopment in uniform surroundings. 
These studies have critically analyzed the jet on an almost 
merescop.c SCale, deeply serutinizing the fluid dynamic 
effects on the jet's velocity profile and consequent spread- 
iw lbis svudy 15 Macroscopic by comparison, since the 
internal characteristics will be utilized only to explain 
the external or visible pattern of jet development; i.e., 
ieamaevelopneny relavive to 10S surroundings and under the 
influence of environmental properties (thermally stratified 
medium). <A mixing region will be assumed to exist, but 
Omeyechne LacGeaunat transport is taking place, and its 
relationship to the unique aspects of this problem will be 
eencidered. The intent Pounormvonm.pnore Important, details 
but rather to allow the salient features of the problem to 


dominate the study. 





II. EXPERIMENTAL APPARATUS 


The experimental apparatus shown in Figure 1 was designed 
to explore the fluid mechanics of the situation as far as 


BessiOle Within the qualitative nature of this investigation. 


APPARATUS 

The basic reservoir is a Plexiglas tank with internal 
Pemenwstenmame: loe57o'W. x 15 374" Htoox 16" D. fabricated 
from 1/2" plate stock. Along one vertical wall injection 
Bervsewere Iansvalled and along the opposite vertical wall 
ae eremnomebers were located Co monitor the temperature 
gradient. A cover made of the same stock as the tank 
completely enclosed the reservoir and supported a thermo- 
couple probe used to measure the temperature gradient and 
jet pool temperature. For use as a horizontal and vertical 
visual reference, 1 x 1 inch grid paper was applied externally 
mee une bottom and back of the tank. 

The gravity fed maecceionerluid Lor the jet was supplied 
from a two-quart capacity reservoir mounted on a vertical 
Support oa trope adjacent to the tank. Vertical movement 
Of this reservoir provided bulk adjustment of the total 
head from zero to approximately forty inches. Fine adjust- 
ment and fluid replenishment was accomplished by valves 
connecting this tank, by way of a pump, to a one gallon 
feed water reservoir at the base of the platform. Heating 


and cooling of the injection fluid was accomplished using 





immersible heaters (Figure 2) and ice. This temperature 
was monitored by a thermocouple mounted just ahead of the 
tank inlet. Two ounces of vegetable dye were added to the 
injection water to visually indicate the movement of the 
jet. 

Photographs of the jet deflection and spreading were 
taken by two Speed Graphic cameras, one mounted above and 
wiewotuuevecad at the front of the tank. Polaroid High Speed 
Black and White ASA 3000 4 x 5 sheet film was used with 


settings of (f-22, 1/200) for both cameras. 


FABRICATION 

Pepe rextelos joints were Donded by saturating with 
carbon tetrachloride. Even with the temperatures and forces 
placed on the tank by the reservoir water no failures of 
the joints occurred. All below-water connections to the 
Mmlomieguaread some form of sealing. The thermometers, 
glass type (20 - 230°F. range), were spaced apart vertically 
one inch, and horizontally one inch, along and from the 
verrical center mee A Plexiglas plate was installed for 
additional thickness and holes were drilled for inserting 
the thermometers with allowance for expansion. The holes 
were further enlarged and threaded to accommodate a brass 
plug with a hole in the center for the thermometer. Instal- 
lation was accomplished by inserting the thermometers from 
inside the tank and slipping an "0" ring over the shank from 


the outside. The plug was then used to compress the "0" 





meme eine one recess at the base of the threaded hole. For 
protection, a Plexiglas cover enclosed the thermometers 
where they protruded from the tank. Twenty-one thermometers 
VoGommOuUnGeds11 UClicumanmmer. oA less intricate and possibly 
more satisfactory method for temperature gradient measurement 
was the use of a temperature probe. Here, a bi-metal thermo- 
couple was placed in an aluminum tube for support and coated 
With epoxy resin for rigidity. Mounted to the tank cover, 
Duce liGmoe OCSltloned Withim the reservoir along the probe 
center line and at any depth for 2-D measurement of the 
temperature profile. 

The other critical entry points were the injection 
Poulos. sa ouehenos as prene Gor leakage as the thermometers, 
wey Giderequaressmooth entrance holes. Therefore, along 
the vertical center line of the wall opposite the thermo- 
meters 0.0330 inch holes were drilled. These were spaced 
one inch apart from 2 to 14 inches above the inside base 
of the tank. This hole was enlarged to a depth one half the 
wall thickness to accommodate a one inch long, 0.0330 1.D. 
tube inserted from the outside and allowed to protrude for 
ConmecCoreieon Cneminjaculommcireusat. This insured a smooth 
flow passage without area discontinuities for axisymmetric 
jet formation. Using this same procedure, additional 
probes were installed at each level, one inch either side 
of the center line, to supply a 45° up and down injection 


ont tourac 2 On. 





A graphic seni of the plumbing used for the injection 
fluid is shown in Figure 2. A bi-metal thermocouple is 
lOoG@eredeyuse prier tO vhne reducer Fo record the injection 
temperature as close as possible to the wall entrance. 

This and the top mounted thermocouple use Honeywell Brown 
Blee@vronitc read out devices displaying temperature in degrees 
Fahrenheit. The difference between this temperature and 

the reservoir temperature at the injection level was recorded 
and used as a comparison parameter denoted as (AT jet). 

A small electric driven impeller pump was used to circu- 
late the heated/cooled injection water through the gravity 
feed) venk end Maintain the total head at a constant setting 
by providing make-up water during injection. 

Illumination for the cameras was provided by two flood 
aie spocmeloncd lon the thermomever gade of the tank. 
Inte eee emoeiiiatcavea that if placed too close to the 
testweregion or left burning between injections, the lights 
would heat the reservoir water and disrupt the thermal 
layers. Therefore, they were used only during the 
inj eeelon SCoouecmee. 

eeeeerer mal mounving fixtures for the overhead camera 


and the gravity feed tank were constructed of wood. 








FIGURE 1. EXPERIMENTAL SETUP 
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ii EXPERIMENTAL PROCEDURE 


The experimental procedure outlined below was followed 
for each experimental "Run", + Initial preparation began by 
Peel aieeene reservoir te a premarked level with 132 degree 
Fahrenheit water measured with a glass thermometer. A 
le nwtOles COvVerevas Placed over the reservoir and a glass 
Tube was inserted through the hot water layer to the bottom 
of the tank to feed 60 degree Fahrenheit water (measured by 
the same thermometer) below the hot water. Flow rate was 
adjusted by means of a valve on the gravity feed tank which 
Supplied the cold water. This was continued until the level 
in the reservoir reached a second pre-marked height. This 
Pesulwea mea Nalf-and-half mixture of hot and cold water 
Ween Was left undisturbed for two hours, allowing a tempera- 
ture gradient to form and stabilize by molecular diffusion. 

The thermocouple probe was affixed to the cover and 
lowered into the bath. An earlier test with the cold water 
mix, dyed for identification, indicated that the thermal 
layers were not disturbed by the probe's movement. There- 
fore, with discretion, the probe was manipulated to record 
the temperature variation within the bath. Initial readings 


indicated that a strong temperature gradient existed from 


C Term used to indicate experiments performed in one 
Seecliae temperature gradient 


ale 





three inches above to two inches below the five-inch level 
of the tank. Therefore five inches from the bottom of the 
tank was chosen as a reference level where the three injec- 
tion angles would be carried out. The temperature in the 
tank was recorded at these levels to establish the thermal 
gradient for each "Run". This thermocouple and its readout 
device in addition to the injection water thermocouple were 
Calibraved against the thermometer used in preparing the 
reservoir. (See Appendix A.) 

Piece The preparation of the bath was time consuming, 
various injection configurations were performed with one 
bath as long as the temperature gradient remained stable 
or the injection dye didn't obscure results. The tempera- 
ture remained stable for approximately one hour within the 
Mempetabure gradient region of interest. 

leomaubain thevwdesired temperature of the jet at the tank 
Pieteanee Ene Inj eCevlon water was circulated continuously 
through the feed water supply tank where either heating coils 
or ice was anced. faPypass sp hacea prior to the injection 
valve and the reducer insured complete circulation of the 
injection water circuit and was kept in place until a 
stable temperature was reached at the injection temperature 
pickup. With Bomacsuevable feed tank fixed at the desired 
height the bypass was closed and the fluid level adjusted 
to the desired head using the input valve at the bottom of 
the tank. This height, as well as all other length measure- 


ments, was made with a scale marked to a sixteenth of an 


eS 





mae.) Witvly the injection head and temperature stabilized, 
Mie reaucer was connected to the injection port. The 
resulting plume formation was recorded on film, while the 
iin bec temperature Was monmivored for any possible variation 
igeLes Sevting. 

To keep frictional losses to a minimum and ensure relia- 
bility of injection head measurement, a large diameter 
mv y “CiRewiy tO injection diameter was utilized. To 
Airey: its effectiveness, a momentum study was conducted 
and the results are contained in Appendix B. Since through- 
out this experiment, analysis is by comparison, any losses 
in the system should not affect conclusions. Using visual 
means to identify turbulence further removes the necessity 
for precise flow measurements. 

Overall accuracy of experimental parameters is within 
one degree for all temperature measurements and one-sixteenth 
Se aesineh tor all displacement and total head measurements; 
this lies within the experimental tolerances of this 
investigation. | 

The most critical factor which could shadow valid results 
was eee fhe dye would change the density or miscibility 
Seeenewinieceton tluid. All indications are that the vege- 
baple dye scoluvion 1s miscible in water. The specific gravity 
was checked for density differences and found to be 1.0015 
at 59 degrees Fahrenheit for the dye solution versus 1.0005 


for the reservoir water at the same temperature. 
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IV. RESULTS AND DISCUSSION 


This experimental study provided excellent visual defini- 
Pron ot jet plume formation, transition to turbulence and 
laminar mixing, as well as jet penetration in thermal layers. 
The behavior of an incompressible fluid is drastically 
altered when injected into a thermally stratified reservoir 
PomecollUaeocevitas injection into a uniform bath. The config- 
uration can alter the jet's apparent Reynolds number (onset 
of turbulence), mixing path, and settling level. Results 
arranged as graphical plots and actual photographs of jet 
plume formation are contained in Appendix C and D. 

To cope with the complex nature of plume formation a 
Sp smrcation 15 proposed for easier point by point analysis. 
Realizing the obvious interdependence of the dependent 
Variable forming the momentum relation for the injection jet 
and the unsteadiness or time dependence of the problem, it 
is suggested that certain functional variables be individually 
and independently mer niciioned: 

The momentum relation will be treated as a superposition 
of effects from among the following “independent functions": 

a. Reynolds number 

b. det injection angle 

 weem@erature of the anjectant 

Cd etiriniciote onmeave Loca: y 


e. Temperature gradient of reservoir 


1S, 





Waromecwlar diffusion 
Buoyancy force 
h. Heat transfer 
fm Density of injectant 
j. Jet surface shear forces or boundary layer shear 
imetisead vnreughn e€ were directly studied in this report. 


Tne remainder were not specifically analyzed. 


A. THERMALLY STRATIFIED RESERVOIR 
1. Reynolds number 
A oumouoyceEea GouncCynolads mumber changes ranging 
Peonmramitniar to tLurbullent precipitates drastic behavioral 
changes in plume formation. This behavior, generally pre- 
GeeeGabCein Unt tOrm Surroundings, is altered appreciabiy by 
a temperature gradient. Mass transport between the jet and 
Moe aUrrOunmGInNgs as restricted even when the jet has become 
fully turbulent. Instead of a constantly expanding plume, 
the jet remains contained (lateral to horizontal) yet tur- 
bulent. Jet dispersion of even a laminar jet is more pro- 
nounced in a TREhRoran bovaevedie in a thevmally stravified 
one. This can be seen in injection No. 105 where a cold 
laminar jet in a gradient shows only a slight tendency 
towards becoming turbulent, whereas in injection No. 110 
the same jet in a uniform bath exhibits earlier development 
Societe! tren tO vurbulent flow. 
Acie) | CCU Onmanic ke 
Three jet angles were used to investigate the effects 


of the temperature gradient on the jet's trajectory. 
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Pronounced effects were observed when the jet angle was 
directed into an adverse temperature gradient relative to 
(mewjet S injection temperature. For example, a hot laminar 
jet injected down into a cold region would be carried up 
into the hotter regions and, having apparently lost its 
Pemperavure reinforcing buoyancy forces, would return to 
miceamapecuiom level. Its path would assume that of oscilla- 
vory motion, almost completing one period, as depicted by 
injection No. 21. An interesting effect was that a horizon- 
tally injected hot jet would rise farther in a uniform bath 
than in a stratified one. This can be seen in injection 
No. 114 and No. 100. The fact that a reinforcing gradient, 
M——iOwevitay Maever any eradient, retards dispersion reveals 
tne inherent pollution problem in a naturally stratified 
reservoir even if injection angle is used for pollution 
Sonu rol. "sma interesting approach would be to use an oscilla- 
mamemamrccharce angle for better dispersion. At least the 
fer should be angled into the adverse temperature gradient 
hemmpetter discharge heat dissipation. 
3. Jeu vemperature 

Hoe eelaninar ianjecttons into a thermally strati- 
Pred reservoir trom arbitrary injection angles the jet 
temperature affects the vertical momentum of the jet, as 
would be expected. With increasing jet temperatures the 
jet propagates higher into the hotter layers. With a uni- 
form bath, propagation proceeds to the surface; but ina 


temperature stratified bath a steady-state limit of 


aE 





propagation is reached at a level below the surface. There- 
fore temperature stratification continues to reinforce the 
buoyancy effects of a hot jet, but likewise limits the 
displacement as temperature equilibrium is reached. 
4, Jet Velocity 

The total head or Reynolds no. effect on jet devel- 
opment in general reinforces thermal gradient effects. A 
hot jet injected into a favorable gradient is carried 
farther into the gradient with corresponding increased 
influence on plume development. Reduced heat loss from 
increased momentum results in increased settling heights 
Mamvoem ect. oli lar results occurred for cold jets, as 
well as when the jet angle was horizontal. 

Poe eee lyestravitied gradient 

Lemperavure 8rdadrenu cilecy 315 the principle concern 
Demeter oUoWOY ana, aa Can be Seen from the previous results, 
Meaomcufcey 15 Mec imdependen, but is strongly dependent on 
other variables. Some general characteristics can be ob- 
served, the most nee of which is that the thermal gradient 
suppresses radial dispersion. Jet mixing is therefore de- 
layed, Pe ine in a very well defined jet trajectory pro- 
file. Therefore, it seems that the temperature gradient's 
primary effect is to reduce the region of transport around 
the jet and compress the boundary layer between jet and reser- 
Vom Thee characteristic feature produces consistent cur- 
tailment of horizontal momentum by transferring it to vertical 


momentum through increased buoyancy forces. 
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V. CONCLUSION 


The results of this experimental investigation of jet 


flow behavior under the influence of a temperature gradient 


in a@ Stagnant reservoir indicate the following trends: 


ile 


A temperature gradient suppresses the diffusion of 
a jet along its boundary and therefore delays the 
formation Ol eenawecwermisTric turbulent flow. 
Varying the injection temperature has the effect 
of amplifying buoyancy effects and altering the 
Pouames Of NOrizontal and vertical momentum. 
Depending on the jet-to-reservoir temperature, a 
tnermal gradient can suppress buoyancy effects. 
iano hansiar yeu, DuUOyaney LOrces can be reversed 
bo etlieccine@ inte an adverse thermal pradient. The 
jet's trajectory is altered in such a manner as tO 
become oscillatory through the temperature profile. 
From displacement results of hot and cold jet 
Manectories. momentum dissipation is greater for 
a hot feremecrceadsmtOsamcota repion than for a 
Somemiecuem sje cceamsinvo a nop repion, Therefore 
heat transfer between jet and reservoir is more 
effective from a hot jet to a cold region than 


iene eola jeu tO a hot region. 
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APPENDIX A 


TEMPERATURE CALIBRATION 


iiemunicccmUciberaunure measuring devices were calibrated 
against each other (Table 1, this Appendix) and corrections 
were made to recorded temperature data so that all tempera- 


tures in this report are relative to the thermometer. 


TABLE 1 


TEMPERATURE CALIBRATION DATA 


Thermocouple (1) Thermocouple (2) Thermometer 
OF OF OF 
alas ye 118 2a 
25 116 ia 
Wai 108 116 
aie, 100 108 
EOS 92 Gal 
oS 815 j 92 
88 jae 87 
84 . 74 82 
79 | 70 78 
(ne 63 72 
54 4h 54 
Thermocouple (1) ~- registers injection temperature 
Thermocouple (2) - registers reservoir temperature 
Thermometer ~- registers mixing temperatures 
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APPENDIX B 


INJECTION LOSSES 


A conservation of energy analysis was performed in an 
attempt to establish a relative scale for the losses in the 
injection system for credibility of the head measurements. 
Horizontal and vertical jet displacement data was recorded 
for various constant head settings. It was assumed that 
all losses were at the wall exit and a vena contracta analy- 
sis was applied. Therefore using Bernoulli's equation for 
the theoretical exit velocity and then using trajectory 
methods for determining the actual exit velocity, a velocity 
coefficient was calculated for the exit at the wall. (See 


Table 1, this Appendix.) 


TABLE 1 


HEAD LOSS DATA 


Head Vert. Diese Fone). Despe Thee. Vel. Act. Vel. oye 
(in) (in) (in) (Ft/sec) (Ft/sec) 
55 2 7 sys i Sioa 42 
26 2 6 ate 5.0 42 
20 2 4 10.4 B25 ae 
m0 .5 2 Z fens: ia ls Ree 
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APPENDIX D 


FREE JET PROFILE DATA 
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